We have examined the secondary structures of human class I and class IT histocompatibility antigens in solution by Fourier transform infrared spectroscopy and circular dichroism in order to compare the relative amounts of a-helix, fB-sheet, and other structures, which are crucial elements in the comparison of the protein structures. Quantitation of infrared spectra of papain-solubilized HLA-A2, HLA-B7, and DR1 in phosphate buffer gave a-helix contents of 17%, 8%, and 10% and fl-sheet contents of 41%, 48%, and 53%, respectively. By circular dichroism, papain-solubilized HLA-A2, HLA-B7, and DR1 were also found to have comparable a-helix contents (e.g., 8%, 20%, and 17%, respectively). Circular dichroism analysis for fl-sheet gave 29% for papainsolubilized HLA-B7 and 42% for papain-solubilized DR1. The value for papain-solubilized HLA-A2 (74%) was anomalous. It is proposed that Trp-107 of HLA-A2, missing in both HLA-B7 and DR1, may be responsible for much of the anomaly. Due to the uncertainties inherent in quantitation of the amounts of secondary structures by both spectral methods, the differences in the contents of a-helix and f-sheet in the three proteins are not considered significant. However, differences in the nature of the fl-sheet structures are suggested by infrared spectroscopy. These results provide physical evidence for an overall structure ofclass II antigens modeled on that of class I antigens. (2) . In this manuscript, Fourier transform infrared (FTIR) spectroscopy and circular dichroism (CD) Etre used to compare the secondary structure of the papain-solubilized class II antigen DR1 (DRlpap) with the secondary structures of the papain-solubilized class I antigens HLA-A2 (A2pap) and HLA-B7 (B7pap) and with those of purified human p2m, bovine immunoglobulin G (IgG), and lysozyme, in order to address the question of whether a class II antigen has amounts of a-helix and 1-sheet consistent with a class II model based on the class I crystal structure.
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Considerable evidence exists that the structures ofclass I and class II histocompatibility antigens are similar. Most of the evidence (summarized in refs. 1 and 2) is based on sequence homologies and similarities in domain structure at both the protein and DNA levels. In addition, some T cells that are specific for either class I or class II molecules use the same receptor (3, 4) . However, the secondary structures ofpurified class I and class II antigens have not been directly compared.
In the crystal structure of the papain-solubilized class I antigen HLA-A2 (A2pap) -42% of the amino acid residues form antiparallel 8-pleated sheets (5) . The membraneproximal domains, a3 and 832-microglobulin (f32m), are f8-sandwich structures similar to the structure described for immunoglobulin constant regions. The membrane-distal domains, al and a2, which do not show sequence homology to immunoglobulin constant regions, consist of an antiparallel pB-pleated sheet under a long a-helical region. Approximately 20% of the amino acid residues compose this set of a-helices, which form the sides of a peptide-binding groove at the membrane-distal surface of the molecule (6) .
The two membrane-proximal domains, a2 and p2, of class II antigens also show strong sequence homology to immunoglobulin constant regions, whereas the membrane-distal domains, al and ,1, do not (1) . A model for the membranedistal domains of class II antigens based on the crystal structure of A2pap has been proposed (2) . In this manuscript, Fourier transform infrared (FTIR) spectroscopy and circular dichroism (CD) Etre used to compare the secondary structure of the papain-solubilized class II antigen DR1 (DRlpap) with the secondary structures of the papain-solubilized class I antigens HLA-A2 (A2pap) and HLA-B7 (B7pap) and with those of purified human p2m, bovine immunoglobulin G (IgG), and lysozyme, in order to address the question of whether a class II antigen has amounts of a-helix and 1-sheet consistent with a class II model based on the class I crystal structure.
MATERIALS AND METHODS
Protein Sources. Purified human urinary f2m was obtained from A. R. Sanderson (Serological Reagents Limited, England); bovine IgG and lysozyme were purchased from Sigma; papain-solubilized HLA-A2 and HLA-B7 were purified as described (7, 8) ; DR1 was purified by immunoaffinity chromatography and then solubilized by digestion with papain (9). FTIR Spectroscopy. Spectra for solutions of A2pap, B7papq
DR1pap, p2m, IgG, and lysozyme at 20'C were measured in cells with CaF2 windows (10) and a pathlength of 6 g.m using a Perkin-Elmer model 1800 FTIR spectrophotometer at 2 cm-1 resolution in the single beam mode. One thousand scans were averaged for data recorded at 1-cm-1 intervals from 4000 to 1000 cm-". Background spectra were recorded under identical conditions with only buffer in the cell. The protein spectrum was obtained by digital subtraction of the spectrum of the medium from the spectrum observed for the protein solution. Prior to any further manipulation, the data were smoothed with a nine-point Savitsky-Golay function (11) to remove the possible white noise. The Perkin-Elmer Enhance function, which is analogous to the method developed by Kauppinen et al. (12) , with the parameters set to a halfbandwidth of 16 cm-1 and a K value of 2.3, was used to achieve spectral enhancement; second-derivative spectra were obtained with Savitsky-Golay derivative function software for a five data point window. The method used to determine protein secondary structure from secondderivative amide I spectra will be described in detail elsewhere (A.D., P. Huang, and W.S.C., unpublished data). 
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Proc. Natl. Acad. Sci. USA 86 (1989) CD Spectroscopy. CD spectra for A2pap, B7pap, DRipap, and l32m were obtained with each protein at =600,ug/ml in 5 mM sodium phosphate (pH 7.75) or 5 mM Tris (pH 7.75). Protein concentration was determined by amino acid analysis of the samples used for CD spectroscopy. The spectra were obtained on a JASCO J41C circular dichrograph using a silica cell of 0.1-or 0.5-mm pathlength with a spectral bandwidth of 1 nm and a time constant of 4 sec. The results of four or five scans were averaged. The instrument was calibrated (13) with (+)-10-camphorsulfonic acid.
RESULTS
FTIR spectroscopy has been shown to be a sensitive indicator of protein secondary structure (14) . Because of the strong absorption of water in the IR, FTIR of proteins has normally been done in 2H20. Recent technical advances in FTIR allow IR spectroscopy of proteins in aqueous solution (15) and therefore allow direct comparison with the results of CD studies. With the use of very short pathlengths (in the range of 6-10 ,um) it is possible to measure the IR spectra of proteins in aqueous solution with excellent signal-to-noise ratios. In addition, FTIR microscopy can be used to take IR spectra of very small samples (16) and of single cells (17) or crystals.
The amide I region of protein IR spectra contains strong absorption bands due almost entirely to the C-O stretch vibration of the peptide linkages that constitute the backbone structure (18) . FTIR spectral enhancement (19) and secondderivative analysis have been shown to be a reliable indicator of the component peak positions (20) . The peak intensities can be used for a quantitative measure of the relative amount of each component. The amide I regions of FTIR spectra of lysozyme, IgG, and 182m in aqueous solution, along with FTIR spectral enhancement and second-derivative analysis ( Fig. 1 ), revealed bands that could be assigned to a-helix, ,3-sheet, turns, or unordered chain (A.D., P. Huang, and W.S.C., unpublished data). Amide I band frequencies are sensitive to secondary structure, as demonstrated in the lysozyme and IgG spectra (Fig. 1) . The lysozyme spectrum consists of a major absorption centered at 1657 cm-' due to a-helix, a set of peaks between 1627 and 1642 cm-' due to /3-sheet, a set of peaks between 1666 and 1688 cm-' due to turns, and a peak at 1650 cm-' due to unordered structures.
This secondary structure assignment is consistent with the crystal structures of lysozyme (21, 22) . In contrast, the IgG FTIR spectrum shows only a small amount of a-helix (at 1657 cm-') and a large contribution from /-sheet (the second derivative bands at 1642, 1638.5, 1632, and 1627 cm-') with some unordered structure present (at 1650 cm-'). These IgG assignments are also consistent with x-ray crystal (23) and CD (24) data (see also Table 1 ).
The 162m amide I spectrum is strikingly dissimilar to the lysozyme spectrum and is nearly identical to the IgG spectrum. As expected, and in agreement with x-ray (5, 25) and CD data (refs. 26-29; see Fig. 3 ), f2m is rich in /3-sheet with some unordered structure and very little a-helix. The amide I spectra of the class I antigens A2pap and B7pap and the class II antigen DR1pap are shown in Fig. 2 . All three proteins show peaks ascribable to a-helix (at 1657.5 cm-') and ,/-sheet (at 1642-1643, 1638.5, 1632, and 1627 cm-') as well as peaks ascribable to unordered chain and turns. The peaks at 1657.5 cm-', due to a-helix, are considerably stronger than those due to a-helix at 1657 cm-' in the IgG and /32m spectra.
The characters of the /3-sheet bands differ among the three antigens, with those for A2pap and DR1pap very similar to each other but different from the B7pap bands; however, the relative proportions ofa-helix and /3-sheet are quite similar for all three proteins. The relative proportions of secondary structures were quantitatively estimated from the areas under the peaks in the second-derivative spectra ( Table 1) .
The secondary structures of the MHC antigens were also examined by CD spectroscopy. CD is a well-established technique for examining the secondary structure of proteins (30) . Estimates of a-helix content are generally quite reliable, whereas /3-sheet contents are subject to greater uncertainty (31) . The CD spectrum of/82m (Fig. 3 ) was in good agreement with previously reported studies (26) (27) (28) (29) and was consistent 1700 1650 1600 1700 1650 1600 1700 1650 1600 WAVENUMBER (cm 1) FIG. 1. IR spectra of lysozyme, IgG, and f32m in the amide I region. In each, the upper curve shows the difference spectrum-i.e., the observed spectrum of the protein solution minus the spectrum of the medium in which the protein was dissolved; the middle curve shows the FTIR enhanced spectrum; the lower curve shows the second derivative of the FTIR enhanced spectrum. The spectra were obtained with the proteins at concentrations of between 10 and 15 mg/ml in 5 mM sodium phosphate (pH 7.4).
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Immunology: Gorga et al. with substantial amounts of 1-sheet and little or no a-helix (31) . Quantitative analysis of the CD spectra (Table 1) gave 0% a-helix and 59% 3-sheet, in reasonable agreement with the x-ray data. Fig. 3 also shows the CD spectra for two class I antigens, A2pap and B7pap, dissolved in phosphate buffer. The amplitude of the 217-nm band for B7pap agreed well with that reported previously (28) and was somewhat higher than that reported for a mixture of class I antigens (29) . For both proteins, the position of the negative band at 217 nm is characteristic of proteins in which ,1-sheet is the predominant secondary structure, but the higher intensity and greater breadth of this band, as well as the position of the shorter wavelength positive band, indicate the presence of some a-helix. Quantitative analysis bears this out (Table 1) . For A2pap, helix contents of 8-13% were obtained, depending on the buffer used, whereas the 13-sheet content was estimated at -75%. Comparison with the x-ray structure (5) indicates that the a-helix content was underestimated to some extent, whereas the 18-sheet content was greatly overestimated. A different method of analysis (32) gave results in much better agreement with the x-ray structure (,3-sheet content of -40%), but the fit to the CD spectrum was very poor. Comparison with the FTIR results showed that this discrepancy cannot be due to a genuine crystal-solution difference.
The CD of B7pap gave 20% a-helix and 29-39% 13-sheet. Contrary to the case of A2pap, the CD estimate of a-helix in B7pap was higher than that from FMIR, whereas that for the (Fig.3) .Thispatternwas the connecting peptide regions-that is, in the peptide segof increased a-helix content. Quantitative analysis ments connecting the a2 or P2 domains with the transmemielix content of 17-23% and a P-sheet content of etcontngheaor,2dmnsihtetase-ieli coten of17-3%nd p-hee coten of brane regions. Therefore, papain probably removes the s in the case of B7pap CD gave a higher a-helix cytoplasmic tail, the transmembrane segment, and part of the 1a lower p-sheet content than ETR. _connecting peptide from each chain. Although papain cleaves Ze of the MHC proteins studied, the CD spectrum the connecting peptide of HLA-A2 at the C terminus of the 'ed to be more intense in Tris buffer than in a3 domain, removing -9000 daltons from HLA-A2, it may )uffer, as shown for the caseof A2pap in Fig. 4 proportion of a-helix would be greater.
There are some specific limitations of FTIR spectroscopy has in the past been difficult (30) . Indeed it was (34) . The very strong water band in the amide I region m thas thepast beend t (30) . Indeteditnwas requires very short pathlengths (6 um), highly sensitive _me that the small amount of a-helix detected in detectors, and extremely careful difference spectroscopy. D (28) (36, 37) or disulfide (38) contributions. In addition, in the present study, instrumental limits restrict measurements to wavelengths longer than about 190 nm. Hennessey and Johnson (39) have pointed out that CD data down to -175 nm can greatly enhance the information content and thus permit more reliable estimates of 8-sheet and even /-turn content.
Both CD and FTIR show that all three MHC proteins studied have small but significant amounts of a-helix. The a-helix contents must be considered comparable for all three proteins, in view of the differences between the CD and the FTIR results.
The FTIR analysis also indicates that all three proteins have comparable amounts of p-sheet. CD supports this in the case of DRipap and B7pap but indicates a much higher 8-sheet content for A2pap. In view of the FTIR results and the strong sequence homology (2) between HLA-A2 and HLA-B7, the CD for A2pap must be considered anomalous.
The anomaly in the CD spectrum of A2pap may be due in large part to aromatic side-chain contributions unique to this protein. HLA-A2 has a tryptophan at position 107, which is replaced by glycine in HLA-B7 and is also absent in DR1 (2 Although sequence homology and similarity in secondary structure contents for HLA-A2 and HLA-B7 determined by FTIR spectroscopy argue for overall structural similarity, the FTIR spectrum indicates some differences in detailed structure. The band at 1643 cm-1 in the second-derivative spectrum for B7pap is much weaker than the corresponding band in the A2pap or the DRipap spectra (Fig. 2) . In addition, the B7pap spectrum has a much stronger band at 1676 cm-1 than do the A2pap and DRipap spectra. It has also been reported (40) that B7pap present as a contaminant of A2pap is excluded from A2pap crystals, indicating some differences in molecular shape.
It will be of interest to see whether other members of the immunoglobulin superfamily, such as the T-cell receptor, CD4, CD8, and the class I-like molecules Qa and Tla, have proportions of secondary structure similar to that of the major histocompatibility antigens.
